T he narcotic analgesics can be categorized into three groups. Two of the groups are synthetic chemicals: phenylpiperidines (e.g., meperidine [Demerol] and fentanyl) and pseudopiperidines (e.g., methadone and propoxyphene [Darvon] ). The third group is related to the naturally occurring alkaloids from the seeds of the poppy plant. These natural opium derivatives include heroin, morphine, and codeine. Semi-synthetic derivatives from this group include hydromorphone (Dilaudid), oxymorphone (Numorphan), hydrocodone (Vicodin and others), oxycodone (OxyContin, Percocet, and others), dihydrocodeine, and buprenorphine (Buprenex, Subutex, or Suboxone).
This article is the second of a two-part series. In part I, the pharmacokinetic properties of morphine and its closely related semi-synthetic congeners, hydromorphone and oxymorphone, were reviewed. 1 In this column, we will review the metabolism and pharmacokinetic drug-drug interaction profiles of codeine and related compounds (dihydrocodeine, hydrocodone, and oxycodone) as well as buprenorphine. These drugs also have the potential for pharmacodynamic drug interactions, but these interactions will not be discussed in this article.
To better understand the metabolism of these drugs, which are all closely related to morphine, it helps to appreciate the chemical structure of morphine ( Figure 1) . The 3 and 6 carbon atoms along with the 17 nitrogen (N) position are the three sites that have various substitutions of ester (-OCX 2 ), hydroxyl (-OH), keto (‫ס‬O), methyl (-CH 3 ), or multiple carbon groups that create other natural or synthetic opiate drugs. Morphine has hydroxyl 
O (3)
groups at the 3 and 6 carbons and a methyl group at the 17 (N) position. Other alterations in the basic morphine structure that may occur in order to create semi-synthetic compounds include: a single bond between carbon 7 and 8, an -OH group added to 14, no oxygen between 4 and 5, and a bridge between 6 and 14. The 3, 6, and 17 positions are also the primary areas of oxidative cytochrome P450 (CYP450) metabolism. The 3 and 6 positions are often referred to as the "O" site and "N" sites, respectively, with regard to oxidative metabolism (based on the planar proximity of the 3 carbon to the oxygen atom and the 6 carbon to the nitrogen atom of a separate ring). The literature can be confusing, however, as the 17 position is also at times referred to as the "N" position. Incidentally, the 3 and 6 positions are also the main sites for conjugation with glucuronic acid by various uridine diphosphate glucuronosyl transferase (UGT) enzymes. This makes some intuitive sense, since the CYP450 enzymes prepare the drug for a "handle" to allow for the conjugation reactions.
Codeine
Codeine is very similar in structure to morphine. It simply adds a methyl group on the 3-carbon hydroxyl group of morphine (from an -OH to a -OCH3). Indeed, codeine is found naturally along with morphine in the poppy seed. Therefore it is not semi-synthetic, although it can be easily manufactured.
Codeine is a weak analgesic with a weak affinity to the l receptor, 300 times less than morphine. 2 In 1948, Sanfilippo. 3 identified that codeine is metabolized to morphine. Because of this, up until recently, it had generally been accepted that codeine's conversion to morphine is the main reason for codeine's analgesic properties. In the early 1990s, several studies indicated that the CYP450 2D6 enzyme was responsible for the conversion of codeine to morphine. 4, 5 One of these studies 5 also showed that within a laboratory pain model, either inhibition of 2D6 by a competitive inhibitor (quinidine in this study) or a poor 2D6 metabolism phenotype would decrease the amount of morphine measured and the subjective ratings of analgesia.
However, despite the case reports that would follow these studies, some researchers have had difficulty accepting that codeine's conversion to morphine by 2D6 is the reason for its efficacy as an analgesic. The main problem with this supposition is that very little of the total dose of codeine is actually metabolized by 2D6 into morphine. Indeed, the range has been between 0.5% 6 to 2-3%. 7 Generally, these studies and others have shown that 80% of codeine is actually directly glucuronidated by UGT 2B7 to codeine-6-glucuronide (C6G), 5% or less is metabolized to morphine by 2D6, and the rest is metabolized by the CYP450 3A4 enzyme into norcodeine, a compound that is inactive as an analgesic. The products of codeine's metabolism from both 2D6 and 3A4 are quickly glucuronidated, with the 2D6/morphine product going to morphine-6-glucuronide (M6G), an active analgesic, and morphine-3-glucuronide (M3G). 1 With this in mind, several more detailed studies have been done in an attempt to prove or disprove the theory that codeine's analgesic properties are due to its conversion to morphine by 2D6. Persson et al., 8 in a study of patientcontrolled analgesia, reported that two patients had a poor postoperative pain relief response with codeine. Both patients had very low levels of morphine, and it was determined that one had poor 2D6 metabolism. However, this was a very small study (N‫)11ס‬ and did not answer why one patient had low morphine levels despite normal 2D6 activity. A larger study, by Poulsen et al., 9 included 81 patients. They were postoperative patients hospitalized for minor surgical procedures that used spinal anesthesia (e.g., hernia repairs, varicose veins). These patients then received codeine as their postoperative analgesic drug. It had been predetermined that 66 patients had normal 2D6 activity and that eight had poor 2D6 metabolism. Samples from the remaining seven patients were either lost or indeterminate. In 22 patients-including all eight with poor 2D6 metabolism-the serum concentrations of both morphine and M6G were below detectable levels. Sum ratings of pain by patients with low, but not necessarily undetectable, morphine/M6G levels did differ from those patients with higher levels of morphine/M6G. However, the differences in the pain ratings did not differ between the two phenotypes (p‫.)06.0ס‬ Indeed, there were 14 patients with normal 2D6 metabolism with low morphine/M6G levels. In a different approach, several researchers have looked at drug addiction/abuse potential as a way to demonstrate the importance of codeine's conversion to morphine. Their results have been mixed at best. Fernandes et al. 10 hypothesized that patients with poor 2D6 metabolism might be at less risk for dependence on codeine because of the lack of creation of morphine, thus rendering less of a resultant "high." The study created a poor metabolism condition by adding fluoxetine or quinidine (both potent inhibitors of 2D6) along with a placebo and observed whether the addicts' codeine use would decrease. Although it was a small study, and both groups did show a 50% decrease in codeine use, there was also a 50% decrease of the use of codeine in the placebo group. Kathiramalainathan et al. 11 did a similar study with 12 healthy volunteers and used fixed-dose schedules of codeine to determine a favorite dose of codeine in the presence or absence of the 2D6 inhibitor quinidine. Volunteers predetermined their favorite dose of codeine (60, 120, or 180 mg). Then they received quinidine for 4 days. The use of quinidine did decrease the measured amount of morphine in the plasma in all groups. The subjective "high" in the 120-mg group also decreased with quinidine, but it curiously did not decrease the "high" effects of the 180-mg group.
An alternative hypothesis for codeine's analgesic properties has been set forth by Vree et al. 12 They postulate that it is the main metabolite of codeine created by UGT 2B7, codeine-6-glucuronide, that is responsible for most of codeine's analgesic and l receptor activity. This is only a hypothesis at this time and has not been demonstrated to date clinically. However, they make several compelling arguments:
1. Morphine is metabolized to M6G, and M6G is a potent analgesic itself, perhaps 50 times more than morphine. 1 Codeine's main metabolite is C6G, similar in structure to the very active l receptor agonist M6G. Indeed, their only difference is at the 3-carbon position, with M6G having a hydroxyl (-OH) group and C6G having the ester (-OCH 3 ). 2. The molecular structure of morphine is rigid. Requirements for l receptor activity appear to require the nitrogen atom, the quaternary carbon 13 group separated from the nitrogen by an ethyl chain and an -OH or ester at carbon 3. Both known active M6G and theorized C6G fit this model. Indeed, in one animal study, the 6-glucuronides of morphine, codeine, and dihydrocodeine all demonstrated proper l, d, and j receptor binding properties and ratios that would indicate that they are potent analgesics. 14 did show that C6G was antinociceptive in rats.
Vree et al. 12 argue that if studies would measure C6G along with other metabolites and pain measures, they would demonstrate that it is the conversion to C6G, and not the conversion of morphine, that gives codeine its an-algesic properties. Unfortunately, such studies have not been done to this date.
With regard to pharmacokinetic drug-drug interactions with codeine, it then depends on what theory is held. If one believes that codeine's analgesic properties are from its conversion by 2D6 to morphine, then inhibiting 2D6 with such drugs as bupropion, cimetidine, fluoxetine, paroxetine, quinidine, and ritonavir 15 -all known potent inhibitors of 2D6-will likely decrease codeine's efficacy. In addition, up to 10% of people will have a poor response to codeine because they lack normal 2D6 activity. In both circumstances, via drug inhibition or genotype, the lack of conversion of codeine to morphine by 2D6 would be the reason for the lack of efficacy of codeine. However, if one believes Vree et al.'s theory, then the metabolism by 2D6 becomes irrelevant. In this case, inhibiting UGT enzymes, likely 2B7, which converts codeine to C6G, becomes the concern. Although there are inhibitors of UGT enzymes and UGT 2B7, 16 at this time there are no studies or case reports that inhibition of 2B7 alters codeine's efficacy. One in vivo study 17 of 12 volunteers concomitantly using codeine and diclofenac-a drug that in vitro has been shown to inhibit codeine's glucuronidation-did not demonstrate that codeine's glucuronidation was inhibited in the presence of diclofenac.
Therefore, by what mechanism codeine is a prodrug is unclear. It may be a prodrug via CYP450 2D6 metabolism or UGT 2B7 activity or perhaps both. We believe that future studies looking at C6G and its efficacy will strongly help better delineate codeine's properties as an analgesic.
Dihydrocodeine
As the name implies, dihydrocodeine is very similar in structure to codeine. Its only difference is that it has a single bond between carbons 7 and 8 instead of a double bond. Its analgesic properties are generally considered equipotent to codeine. 18 Similar to codeine, demethylation at the 3-carbon site occurs via 2D6 to create dihydromorphine. 19 Nordihydrocodeine is created by 3A4 activity. 20 In terms of amounts of metabolites made by these enzymes, dihydrocodeine's metabolism also appears to be similar to codeine. The 2D6 O-demethylated compound, dihydromorphine, is a minor metabolite (Ͻ5%). The conjugated 3 and 6 metabolites make up 85% of the metabolites in the urine after a single fixed dose. 21 It has been presumed that UGT 2B7 is largely responsible for DHC-6-glucuronide formation, 22 similar to codeine's conversion to C6G. With dihydrocodeine's metabolism so similar to codeine, it should come as no surprise that there is the potential for controversy as to what chemical(s) or metabolite(s) contributes to its analgesic effect. Some have proposed that 2D6's activity to create dihydromorphine is the reason for analgesia with dihydrocodeine. The best study to date to demonstrate this failed to show that dihydromorphine was responsible for dihydrocodeine's analgesia. 23 Eleven volunteers were given dihydrocodeine in the presence or in the absence of the 2D6 inhibitor quinidine. Although the production of dihydromorphine was markedly reduced with quinidine use, the perception of pain was no different if quinidine was used or not.
In another study with 10 volunteers, 24 the amount of dihydromorphine found in blood samples did not predict analgesia, but the parent drug, dihydrocodeine, did. Other metabolites, however, were not measured.
We are not aware if anyone has proposed that DHC6G could be a reason for dihydrocodeine's analgesia, similar to the codeine model purported by Vree et al. 12 At this time, we believe it is unclear what primarily causes dihydrocodeine's analgesic properties-parent drug, metabolites, or some combination. Therefore, drug-drug interactions or implications of the phenotypes of 2D6 or UGT enzymes will have to wait for further research.
Hydrocodone
Hydrocodone (Vicodin when combined with acetaminophen) is similar in structure to codeine. It differs with a single bond at carbons 7 and 8 and a keto (‫ס‬O) group at 6-carbon instead of a hydroxyl (-OH) group.
Hydrocodone displays weak binding capacity for the l receptor. 25 The 2D6 enzyme demethylates it at the 3-carbon position into hydromorphone, 26 which has much stronger l binding than hydrocodone. 25 The metabolism of hydromorphone was described in part I. 1 Unlike codeine and dihydrocodeine, very little of hydrocodone goes directly to glucuronidation unless it is first made into hydromorphone by 2D6. 27 It is unclear if some hydrocodone is metabolized by 3A4, although it likely that some 6-carbon oxidation does occur at 3A4 to create norhydrocodone. Finally, unknown enzymes reduce the 6-carbon position to minor active metabolites.
Like codeine and dihydrocodeine, it has been proposed that hydrocodone is a prodrug. Since oxidative products by 2D6, 3A4, and other enzymes are the primary products of hydrocodone's metabolism, and some of these products are better l agonists than hydrocodone itself, this proposal, in our opinion, appears more likely than for codeine or dihydrocodeine.
Unfortunately, studies that would help demonstrate that hydrocodone is a prodrug are scant, and no human studies have been done with pain models or with pain patients. Kaplan et al. 28 showed in a small study that poor or normal 2D6 metabolism does not predict abuse liability with hydrocodone, which might argue that hydrocodone is not a prodrug, but such a small study is hardly definitive.
Oxycodone
Oxycodone (OxyContin and others) is similar in structure to hydrocodone, with the addition of a hydroxyl (-OH) group at the 14-carbon. Unlike codeine and hydrocodone, oxycodone is a potent analgesic in its own right. 29 Therefore, oxycodone is not a prodrug. There is an active metabolite, however, as 2D6 activity creates oxymorphone (Numorphan), an active opioid analgesic.
1 This 3A4 activity appears to create inactive noroxycodone. When a 2D6 inhibitor was given with oxycodone in 10 volunteers, the amount of the 2D6 metabolite, oxymorphone, essentially disappeared, but the subjective feeling of being on oxycodone did not change. 30 Unfortunately, pain was not measured in this study.
Since it appears that 2D6 is major pathway for oxycodone's clearance, some have been concerned that toxicity could occur with oxycodone in patients with genetically poor 2D6 metabolism or in the constant presence of a 2D6 inhibitor, such as fluoxetine or paroxetine. Indeed, in one postmortem retrospective analysis of 15 deaths where suspected oxycodone toxicity was a cause of death, there were two, and possibly six, deaths that occurred in patients with poor 2D6 metabolism, and four of these cases helped better interpret the oxycodone toxicity. 31 In another retrospective study involving nine deaths associated with oxycodone, the amount of oxycodone in the blood was higher than expected when used therapeutically. 32 Four of the cases involved no other centrally acting drug (i.e., alcohol, benzodiazepine, stimulant, etc.). Although genetic testing was not done, in retrospect we wonder if some of these individuals either had poor 2D6 metabolism or ingested an inhibitor of 2D6 that contributed to their high oxycodone levels. The review unfortunately did not consider pharmacogenetics.
Buprenorphine
Buprenorphine (Buprenex, Subutex, or Suboxone) is a potent mixed l agonist/antagonist semi-synthetic opioid. It differs from the morphine structure by an -OCH 3 at the 6-carbon; a single bond between the 7 and 8 carbon with a hydroxyl, triethylpropyl group on the 7 carbon; an -OH at the 14 carbon; a small 3-carbon ring at the 17-carbon site; and an endotheno bridge between the 6 and 14 carbon. It appears to be metabolized chiefly by 3A4, 33 and many of these metabolites go on through conjugation by UGTs. Drug-drug interactions are likely with this drug because of its reliance on 3A4. Indeed, the Buprenex package insert 34 warns against the use of buprenorphine with 3A4 inhibitors and inducers-the former possibly creating opioid toxicity and the latter creating possible opioid withdrawal. Common 3A4 inhibitors include azole antifungals, many macrolide antibiotics, and nefazodone. Common inducers include rifampin and many antiepileptics.
Summary
Pharmacokinetic drug-drug interactions with codeine, dihydrocodeine, hydrocodone, oxycodone, and buprenorphine are likely common. However, the ability to predict these interactions is difficult. Codeine may be a prodrug, but by what mechanism(s) it is a prodrug has not been fully deduced. Some believe that CYP450 2D6 conversion of codeine to morphine is responsible for codeine's analgesia. Others believe that it is codeine's conversion by UGT 2B7 codeine to C6G that creates the analgesia. Either way, inhibition, induction, or altered enzyme genotypes could alter codeine's effectiveness. More definitive studies are needed for codeine to sort these issues in order to make more definitive predictions about its potential as a prodrug and for drug-drug interactions. Similarly, dihydrocodeine may be a prodrug through 2D6 or 2B7, but even fewer definitive studies have been done.
Hydrocodone is a weak l agonist, and its primary metabolism is through 2D6, which creates a more active metabolite hydromorphone. Although few studies have been done to demonstrate this process, it is likely that inhibition/ induction or poor 2D6 metabolism will alter hydrocodone's efficacy. Oxycodone is not a prodrug, since it is a potent l agonist. It is mainly metabolized by 2D6, and there is some, albeit limited, evidence that inhibition of 2D6 or poor 2D6 metabolism can lead to toxicity of oxycodone. Finally, buprenorphine is metabolized through 3A4, and 3A4 inhibition or induction by other drugs may alter significantly the levels of buprenorphine.
